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Abstract.  We have identified a novel family of yeast 
nuclear pore complex proteins. Three individual mem- 
bers of this family, NUP49, NUP100, and NUPll6, 
have been isolated and then characterized by a combi- 
nation of molecular genetics and immunolocalization. 
Employing immunoelectron and immunofluorescence 
microscopy on yeast cells, we found that the binding 
of a polyspecific monoclonal antibody recognizing this 
family was predominantly at the nuclear pore com- 
plexes. Furthermore, the tagging of NUP49 with a 
unique epitope enabled the immunolocalization of this 
protein to the nuclear pore complex by both fluores- 
cence and electron microscopy. DNA sequence analy- 
sis has shown that the amino-terminal regions of 
NUP49, NUP100,  and NUPll6 share repeated 
"GLFG" motifs separated from each other by gluta- 
mine, asparagine, serine and threonine rich spacers. 
All three proteins lack a repetitive domain found in 
the two precisely described yeast nuclear pore com- 
plex proteins. Only NUP49 is essential for cell viabil- 
ity. NUPll6-deficient cells grow very slowly and are 
temperature  sensitive, whereas the lack  of  NUPIO0 
has no detectable phenotype. NUPIO0 and NUPll6 
are homologous over their entire lengths. Interestingly, 
NUPIO0 and NUP116 are both flanked by a histidine 
tRNA gene and a transposon element suggesting that 
they may have arisen by gene duplication. We propose 
that subfamilies of pore complex proteins can be 
defined by their characteristic combinations of differ- 
ent modular domains. 
N 
'UCLEAR pore complexes are large molecular assem- 
blies of an estimated molecular mass of 1.25 ￿  l0  s 
D (Reicbelt et al., 1990) that mediate bidirectional 
nucleocytoplasmic transport  (Feldherr et al.,  Dworetzky 
and  Feldherr,  1988; reviewed in  Dingwall  and  Laskey, 
1986). High resolution electron microscopy studies of am- 
phibian oocyte nuclear envelopes have resulted in a three- 
dimensional reconstruction of the pore complex to <  10 mn 
resolution. Each pore complex is a cylindrical structure with 
a superficial octagonal symmetry and arranged such that its 
axis is perpendicular to the plane of the nuclear envelope. It 
is composed of distinct substructures  referred to as spokes, 
rings,  and a "plug" or '~ransporter"  (Unwin and Milligan, 
1982; Akey, 1989, 1990). Fibrils extend from both the nu- 
clear and cytoplasmic  surfaces (Richardson et al., 1988; Ris, 
1990). The pore complexes of all eukaryotic organisms are 
believed to be architecturally  and functionally  similar (Maul, 
1977; Silver,  1991). 
A number of monoclonal antibodies  generated indepen- 
dently by  several  laboratories  (Davis  and  Blobel,  1986, 
1987; Snow et al., 1987; Park et al.,  1987) have identified 
a group of nuclear pore complex proteins,  collectively re- 
ferred to as nucleoporins (Davis and Blobel,  1986). Many 
of  these monoclonal antibodies bind in a polyspecific manner 
to multiple nucleoporins. In addition, they often possess ex- 
tensive interspecies cross-reactivity by recognizing nucleo- 
porins of mammals, Xenopus, and yeast (Davis and Blobel, 
1986, 1987; Snow et al.,  1987; Park et al.,  1987; Feather- 
stone et al., 1988; Aris and Blobel,  1989; Davis and Fink, 
1990; Canno-Fonseca et al.,  1991). 
Nucleocytoplasmic  transport can be inhibited by the pres- 
ence of  either anti-nucleoporin monoclonal antibodies (Feath- 
erstone et al., 1988; Dabauvalle et al., 1988b) or the lectin 
wheat germ aggiutinin (WC~) (Finlay et al., 1987; Yoneda 
et al., 1987; DabauvaUe et al., I988a); some vertebrate nu- 
cleoporins are post-translationally  modified by the addition 
of O-linked N-acetylgiucosamine and therefore bind Wt3A 
(Holt and Hart, 1986; Davis and Blobel,  1986, 1987; Han- 
over et al., 1987; Holt et al., 1987). O-linked glycosylation 
of the yeast nucleoporins has not yet been confirmed (Davis 
and Fink, 1990; Carmo-Fonseea et al., 1991). Several bio- 
chemical studies have implicated the glycosylated  vertebrate 
nucleoporins in the mediated import of proteins (Akey and 
Goldfarb,  1989; Finlay  and Forbes,  1990; Finlay et al., 
1991; Sterne'Marr et al.,  1992). However, with the use of 
such polyspecitic reagents, attributing any discrete function 
to an individual nucleoporin is not possible. 
Three of the nucleoporins,  namely p62  of vertebrates 
(Starr et al., 1990; Cordes et al., 1991; Carmo-Fonseca et 
al.,  1991) and NUP1 (Davis  and Fink,  1990) and NSP1 
(Nehrbass  et  al.,  1990) of  the  yeast  Saccharomyces 
cerevisiae,  have been characterized at the molecular level. 
Comparison  of the  primary  structure  of the  two  yeast 
nucleoporins revealed that the central regions of  both contain 
a unique repetitive sequence of nine amino acid residues, 
flanked by highly charged spacers of various lengths (Davis 
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nucleoporins identified so far can account for only a fraction 
of the total mass of the nuclear pore complex. Clearly, more 
components need to be characterized for an understanding 
of the nuclear pore complex mediated functions. 
In this paper we report the identification and characteriza- 
tion of  three additional yeast nucleoporins, NUP49, NUP100, 
and NUP116. These proteins share unique structural features 
which define them as a new family of nucleoporins. 
Materials and Methods 
Strains and Plasmids 
Tables I and H describe the yeast strains and plasmids, respectively, that are 
referred to in this study. The yeast strains were grown in either YEP (1% 
yeast extract, 2 % bactopeptone) with 2 % glucose or synthetic minimal me- 
dia (SD; Sherman et al., 1986) supplemented with appropriate amino acids 
and glucose. Yeast transformations were by the lithium aeetale method (Ito 
et al.,  1983) and general  genetic manipulations of yeast cells were con- 
ducted as described by Sherman et al. (1986). 
Bacterial cells were cultured in Luria broth and transformed, or infected 
with phage, by standard methods (Sambrook et al., 1989). Bacterial strains 
YI090 and Y1089 (Young and Davis, 1983) were used for X propagation; 
DH5ot (Hanahan,  1983; Bethesda Research Laboratories,  Bethesda, MD) 
for pBS-KS+  based  plasmids  (Stratagene  Inc.,  La Jolla,  CA);  JM109 
(Yanisch-Perron et al., 1985) for pMAL-cRI based plasmids (Maina et al., 
1988; New England Biolabs, Beverly, MA). Lysogenic strains were pre- 
pared by the methods of Snyder et al.  (1987). 
All DNA manipulations were conducted essentially as described by Sam- 
brook et al. (1989). The ~.gtll yeast 8enomic library was purchased from 
Clontech Laboratories,  Inc. (Palo Alto, CA; catalog #YL1001b, lot #1108). 
Isolation and Sequencing of  NUP49, NUPIO0, and 
NUPll6 Loci 
A yeast genomic hgtl I expression library from Clonlech Laboratories, Inc., 
was screened as described  by Young and Davis (1991) with the following 
modifications. From Western blotting experiments, the signal to noise ratio 
for  screening  was  opftmized by varying  the antibody  tilers,  incubation 
buffers, and blocking conditions. Nitrocellulose fillers from phage lifts were 
washed in  10 mM Tris-HC1, pH 8.0, 150 mM NaC1, 0.05% Tween 20 
(TBST) with first 20 and then 2 % (wt/vol) nonfat dry milk (Carnation Co., 
Los Angeles, CA) (30 rain at room temperature).  The blocked filters were 
incubated with a 1:5 dilution of anti-nucleoporin monoclonai antibody tis- 
sue culture supernatants in TBST/2% milk for 14 h at 4~  Visualization 
of the MAb192 cross-reactive plaques was via a commercial alkaline phos- 
phatase conjugated anti-mouse IgG (Promega Biotech, Madison, WI) and 
the manufacturer's substrate solutions. 25 plaque purified positive isolates 
were obtained from screening 3 ￿  106 recombinant phage, which after re- 
striction analysis yielded  10 distinct clones. The 10 clones were partially 
characterized  by their differential antibody  cross-reactivity  with  the in- 
dividual antibodies used to screen the library, with previously described 
monoclonai  antibodies  (MAb414,  MAb350,  and  MAb306  [Davis  and 
Blobel,  1986, 1987; Davis and Fink,  1990]), and with monospecific poly- 
clonals against NSP1 (kindly provided by U. Nehrbass and E. Hurt (EMBL, 
Heidelberg,  Germany)).  One of the positives was a lacZ fusion with the 
gene encoding NSP1, a previously characterized yeast nucleoporin (Nehr- 
bass et ai., 1990), verifying that our screening process was capable of isolat- 
ing clones encoding nucleoporins, h DNA from plaque purified positive iso- 
lates was isolated by use of LambdaSorb (Promega Bioleeh) and the inserts 
were subeloned into either pBS-KS+ or pBS-L5 (S. R. Wente and O. M. 
Rosen, unpublished results). Two overlapping isolates of NUP49 were ob- 
tained from screening the ~.gtll library. To obtain full length clones of the 
NUP116 and NUPIO0  loci a YEp13 based yeast genomic library (Nasmyth 
and Tatchell,  1980) was screened with appropriate  32p-labeled fragments 
from the respective hgtll clones. 
The DNA sequence of the NUP49, NUPIO0, and NUP116  genes was de- 
termined by the dideoxychain termination method (Sanger et al., 1977) on 
Table I. Yeast Strain Genotype and Construction 
















Mata/Matcx ade2-1/ade2-1  ura3-1/ura3-1  his3-11,15/his3-11,15 
trial- l/trp 1-1 leu2-3,112/1eu2-3,112  can 1-100/can 1-100 
Mata ade2-1 ura3-1 his3-11,15  trpl-1 1eu2-3,112 canl-100 
Mata/Matct ade2-1/ade2-1  ura3-1/ura3-1  his3-11,15/his3-11,15 
trlal-l/trpl-1 leu2-3,112/1eu2-3,112  canl- 100/can 1-100 nup49-1 ::URA3/+ 
Mata/Matcz ade2- l/ade2-1  ura3- l/ura3-1 his3-11,15/his3-11,15 
trpl-l/trpl-I 1eu2-3,112 1eu2-3,112 canl-100/canl-100 nupl00-1 ::URA3/+ 
Mater ade2-1 ura3-1 his3-11,15  trpl-I leu2-3,112  canl-100 nupl00-1::URA3 
Matct ade2-1 ura3-1 his3-11,15  trpl-1 leu2-3,112 
canl- 100 nup49-1 ::URA3 pSW62(LEU) 
Mater ade2-1 ura3-1 his3-11,15  trpl-1 leu2-3,112 
canl-100 nup49-1::URA3 pSW63(LEU) 
Mata ade2-1 ura3-1 his3-11,15  trpl-1 leu2-3,112  canl-100 
nupl00-1::URA3 pSW79(LEU) 
Mata/Matct ade2-1/ade2-1  ura3-1/ura3-1  his3-11,15/his3-11,15 
trpl-1 trpl-1 leu2-3,112/leu2-3,112  canl-100/canl-100 nup116-5::HIS3/+ 
Mata ade2-1 ura3-1 his3-11,15  trpl-1 leu2-3,112  canl-100 nupll6-5::HIS3 
Mata/Matct ade2- l/ade2-1 ura3- l/ura3-1 his3-11,15/his3-11,15 
trial- l/trpl - 1 leu2-3,112/leu2-3,112  canl- 100/canl - 100 nupl 16-6::URA3/+ 
Mata ade2-1 ura3-1 his3-11,15  trpl-1 leu2-3,112  canl-100 nupll6-6::URA3 
Mata ade2-1 ura3-1 his3-11,15  trpl-1 1eu2-3,112 canl-100 
nupl 16-6::URA3 pSW75 (LEU) 
Mata ade2-1 ura3-1 his3-11,15  trpl-1 1eu2-3,112 canl-100 
nup116-6::URA3 pSW76CLEU) 
Mata/Matet ade2-1/ade2- I ura3- l/ura3-1 his3-11,15/his3-  I 1,15 trp 1- l/trp 1  - 1 
leu2-3,112/leu2-3,112  canl-100/canl-100 nupl00-1::URA3/+ nupll6-5::HIS3/+ 
Integrative transformation of W303 
with EcoRI fragments of pSW55 
Integrative transformation of W303 
with EcoRI/Xhol fragments of pSW56 
Segregant from tetrad of sporulated SWY2 
Transformation of SWY1 with pSW62, 
sporulation,  resulting viable segregant 
Transformation of SWY 1 with pSW63, 
sporulation,  resulting viable segregant 
Transformation of SWY3 with pSW79 
Integrative transformation of W303 
with XbaI/Nsil fragments of pSW99 
Segregant from teterad of SWY26 
Integrative transformation of W303 
with EcoRl fragments of pSW54 
Segregant from tetrad of SWY30 
Transformation of SWY30 with pSW75, 
sporulation,  resulting segregant 
Transformation of SWY30 with pSW76, 
sporulation, resulting segregant 
Cross of SWY3 and SWY29 
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Plasmid  Construction 
pBS-KS+ BACKBONE 
pSWl 1  Fragment from nucleotide 650 to 3766 of NUPll6 locus in EcoRl of pBS 
pSW40  Fulllength  NUP49 locus (2388 bp EcoRl/NcoI fragment) in EcORI/SalI of pBS with NcoI/Sall linker 
pSW41  Fragment from nucleotide 715 to 4369 of NUPIO0 locus in EcoRI/XhoI of pBS 
pSW54  BamHI/HindlII  URA3 fragment from p J  J242 into BamHl/HindlIl of pSW 11 
pSW55  NsiI/XbaI URA3 fragment from pJJ242into NsiI/XbaI of pSW40 
pSW56  NsiI/XbaI URA3 fragment from pJJ242 into NsiI/XbaI of pSW41 
pSW65  3703 bp NheI/NcoI fragment of NUPtO0 locus in YEp 13 clone into Xbal/SalI of pBS with NcoI/Sall linker 
pSW72  4928 bp BgllI/SalI fragment of NUPll6 locus in YEpl3 clone into BamHI/SalI of pBS 
pSW84  EcoRl/PstI TRP1 fragment of pJJ280 into Nsil/EcoRI of pSW72 
pSW99  BamHI/Pst! HIS3 fragment from pJJ215 into BamHI/PstI of pSW72 
pMAL-cRI BACKBONE 
pSW67  1438 bp EcoRI-partial/NcoI  fragment of 2C X clone into EcoRI/SalI of pMAL with NcoI/SalI linker 
pSW80  975 bp PstI-partial/XbaI  fragment of pSW40 into PstI/HindllI  of pMAL with XbaI/I--lindllI linker 
pSW81  Vector religation after complete PstI digest of pSW67 
pSW82  1635 bp NheI/SalI fragment of pSW40 into XbaI/Sall of pMAL 
pSW85  Vector religation after complete NsiI/PstI digest of pSW82 
pSW95  Vector religation after complete BstBl/ClaI digest of pSW67 
pRS315 BACKBONE 








HA linker at NsiI* (923) of pSW40, then BamHI/SalI fragment into same of pRS315 
HA linker at NsiI* (923) of pSW40 in opposite orientation (AH), then BamHI/SalI fragment into same of pRS315 
XbaI/SalI fragment of pSW72 into same ofpRS315 
HA linker at NsiI* (991) of pSW72, then XSaI/SalI fragment into same of pRS315 
4166 bp Nhel/XhoI fragment of NUPIO0 locus in YEpl3 clone into XbaI/SatI of pRS315 
HA linker at NsiI* (1248) of pSW65, then BamHI/NcoI fragment into same of pSW78 
Vector religation after complete Pstl digestion of pSW75 
The NcoI/SalI and Pstl/HindlII  linkers were obtained via subcloning  into pBS-L5 or plC20H respectively. Notation "bp" = base pair, 
and the numeral following Nsil* designates the nucleotide position of this particular restriction site in the sequences of Figure 4. 
References for pJJ242 and pJJ215 (Jones and Prakash,  1990); pMAL-cRI (Maina et al., 1988); pRS315 (Sikorski and Hieter, 1989). 
denatured double stranded DNA (Haltiner  et al., 1985) with [ct-35S]dATP 
(1304Ci/mmol; New England Nuclear, Boston, MA). A combination  of 
two approaches was used  to obtain the sequence  of both strands. First, from 
the initial DNA restriction analysis, sets of overlapping subelones were 
made and sequenced  via annealing  the T7 and T3 primers to the pBS-KS+ 
plasmid. Unique  oligonuclcotide  primers were then utilized to sequence 
specific regions  (synthesized  by the Rockefeller  University  Biopolymer  Fa- 
cility, New York). Two different  methods were employed to compare the 
protein sequences  of NUP116, NUPI00, and NUP49 to the sequences  in the 
C-enBank  and EMBL data bases (Pearson and Lipman, 1988; Collins and 
Coulson, 1990). The DNA sequence similarities  were found  by searching 
the GenBank  nucleic  acid data base using  the FASTA  program (Pearson  and 
Lipman, 1988). 
Gene Disruptions 
Mutant alleles  of NUP49, NUPIO0,  and NUP116  were constructed  by the in- 
tegrative DNA transformation  method of Rothstein 0991). A deletion of 
NUP49was made  by removal  of a 808 bp NsiI/XbaI  fragment  from  the mid- 
die of the open reading frame and coincident insertion of the selectable 
marker ~  (pSW55). The EcoRI fragment  of pSW55 was transformed 
into the diploid strain 9r  of S. cerevisiae  and viable Lira  + transformants 
were selected. Southern  analysis  was used  to identify  those strains in which 
NUP49 had  been replaced by the  intngration of the  nup49-1::URA3- 
disrupted copy (SWY1). Transformation  of the heterozygons  diploid strain 
SWYI with pSW62 (an intact copy of NUP49  under control of its endoge- 
nous promoter on a centromere  plasmid  with the LEU2 selectable  marker) 
yielded a strain which when induced  to sporulate resulted in the recovery 
of a viable Ura+/Leu  + haploid strain (SYll) with the expected Mendelian 
frequency (25 %). A truncated  NUP49  gene (nup49-3::Aft), with two stop 
codons after amino  acid #76 was generated  by the insertion  of the HA linker 
desefibed below in the opposite orientation (pSW64). 
The NUPIO0  deletion/disruption  was made by the removal  of the 2565 
bp NsiI/XbaI fragment  and insertion  of the URA3  gene (pSW56). Likewise 
twv different  markers, either the URA3  gene for a 2103 bp BamHUHindIII 
fragment (pSW54) or the HIS3 gene for a 3719 bp BamHI/PstI  fragment 
(pSW99), replaced  the indicated  sequence  in  NUPll6. Fragments  from  these 
constructs (Table 13 were individually  transformed  into the W303 diploid 
strain and viable Ura  + or His  + transformants  were respectively selected. 
As before, Southern  analysis  identified  the diploid strains with the correct 
replacement  of the individual  gene  by integration  with the respective URA3 
or HIS3-disrupted copies (SWY2, SWY30, and SWY26). A heterozygous 
diploid  strain with  both the nuplOO-l::URA3  and the nupll6-5::HIS3 alleles 
(SWY56) was generated  by a cross of SWY3 and SWY29. Southern  analysis 
was also performed on the viable  haploid  strains  (SWY3, SWY31, SWY29). 
Immunoelectron Microscopy 
Spheroplasts from early log phase yeast haploid cells (strain SWY12) were 
incubated  in 0.6 M sorbitol for 15 min at 4~  and then fixed in suspension 
with 0.075  % glutaraldehyde,  4 % formaldehyde,  0.1 M cacodylate buffer, pH 
7,2, for 1 h at 4~  After centrifugation  for 1 min at 1,000 g, the pellets 
were dehydrated for 30 rain in 50% ethanol  followed  by 60 rain in 70% etha- 
nol. The hydrophilic  resin LR White was added and allowed to infiltrate 
overnight at 4"C. The resin  was polymerized  by baking at 55~  for 24 h. 
Thin sections  were collected  on nickel  grids coated with formvar, stabilized 
with carbon. The sections  were blocked  with 1% BSA/0.2% fish gelatin  in 
PBS, and then incubated  for 2 h at room temperature with the appropriate 
tissue culture supernatant (MAb192 or  monoclonal 12CA5 antibody 
~rkeley Antibody  Co., Richmond,  CA])  diluted 1:2 in blocking  buffer. Af- 
ter extensive  washes with PBS, the grids were incubated  for 1 h in a suspen- 
sion of 10 nm colloidal  gold coated with goat anti-mouse  antibody  (Amer- 
sham Corp., Arlington Heights, IL) diluted 1:20 in TBS. After the final 
washes, the grids were contrasted  by staining  in 2 % aqueous  uranyl  acetate 
for 10 rain. Samples were visualized  with a JEOL 100CX electron micro- 
scope (JEOL USA, Inc., Peabody, MA) at 80 kV, and photographs were 
recorded with Kodak  electron  microscope  film  (Eastman  Kodak  Co., Roch- 
ester, NY). 
Immunofluorescence and Epitope Tagging 
Early log phase yeast cells were prepared for immunofluorescence  experi- 
ments by a modification  of the filtration  method of Kilmartin  and Adams 
Wente et aL A New Family of Yeast Nucleoporins  707 (1984) (fixative =  0.1 M potassium phosphate, pH 6.5, 3.7% formaldehyde 
(Fluka Chemical Corp., Ronkonkoma,  NY),  10% methanol for 5 rain at 
room temperature).  Similar results  were  obtained with posttixed  yeast 
spheroplasts  prepared exactly as described by Clark and Abelson (1987). 
Processed  cells  on  polylysine-coated  slides  were  blocked  in  40  mM 
K2HPO4, 10 mM KH2PO4, 150 mM NaC1, 0.1% NAN3, 0.1% Tween 20, 
2% nonfat dry milk (M buffer) and then incubated with undiluted MAb192 
or 12CA5 antibody tissue culture supernatant for 16 h at 40C. After washing 
with the M buffer alone, affinity purified FITC-conjngated  goat anti-mouse 
IgG (Cappel Laboratories, Organon Teknika Corp., Durham, NC) at a 1:50 
dilution was applied  for 1 h at room temperature.  The final washes in M 
buffer and  then  1%  BSA-PBS  were  followed  by  mounting with 90% 
glycerol,  1 mg/ml p-phenylenediamine, 0.05 t~g/ml DAPI at pH 8.0. Photo- 
graphs were taken with the 100x objective on a Zeiss Axiophot microscope 
with Kodak T-MAX 400 film processed at 1600 ASA (Eastman Kodak Co.). 
Epitope tagged alleles ofNUP49, NUPIO0, and NUP116  were constructed 
by ligating the linker shown below into the NsiI site designated in Fig. 4 
C,  B,  and A,  respectively.  The complementary oligonucleotide  primers 
(FLU-I and FLU-2) were designed to yield an inframe insertion of the 
amino acids NYPYDVPDYATA (underline =  HA epitope).  The overhangs 
destroy the nascent NsiI site and a new AatlI site is generated (bold faced). 
5'AATTACCCATACGACGTCCCAGATTACGCTACTTGCA 3'  FLU-1 
3'ACGTTTAATGGGTATGCTGCAGGGTCTAATGCGATG 5'  FLU-2 
The correct orientation of the insertion was verified by DNA sequencing. 
Ligation of the linker in the opposite orientation would result in an inframe 
insertion of two stop codons. 
Cell Fractionation and Western Blot Analysis 
Bacterial cell extracts were made by resuspending the pelleted cells in 100 
mM Tris-HCl, pH 7.5, 50 mM NaCI,  10 mM EDTA, 5 mM DTT,  1 mM 
PMSF,  2  mg/ml lysozyme.  After 5  rain at 4"C, a  1/10th vol of 2.2  M 
NaOH/8 % 2-mereaptoethanol was added and the total protein was precipi- 
tated with trichloroacetic acid. Fractionation of the yeast Saccharomyces 
uvarum  was  conducted essentially  as described by Rout and Kilmartin 
(1990). Total yeast cell extracts were made as described by Yaffe  and Schatz 
(1984).  Estimates of protein concentrations were  made with Coomassie 
Plus protein assay reagent (Pierce Chemical Co., Rockford,  IL). Protein 
samples  were  electrophoresed  in  SDS-polyacrylamide  gels  (Laemmli, 
1970) and either stained with Coomassie brilliant blue or transferred elec- 
trophoretically to nitrocellulose  membranes. Blots were probed with 1:5 di- 
lutions of the respective anti-nucleoporin monoclonal antibody tissue cul- 
ture  supernatant (in TBST/2%  milk)  for 2  h  at room temperature or 
overnight at 40C. With washes between, sequential incubations with affinity 
purified rabbit anti-mouse IgG (Cappel Laboratories, Organon Teknika 
Corp.) (diluted 1:1000, 1 h, RT) and 125I-protein  A (100 i~Ci/ml, New En- 
gland Nuclear) (diluted 1:200, I h, RT) were conducted. Finally, blots were 
exposed  for autoradiography. 
Results 
MAb192 Recognizes Yeast Nuclear Pore 
Complex Proteins 
From a panel of monoclonal antibodies raised against either 
Triton X-100-treated  rat liver nuclei, a rat liver nuclear pore 
complex/lamina fraction, or the WGA-binding proteins from 
a rat liver nuclear pore complex/lamina fraction (Davis and 
Blobel,  1986, 1987; Davis and Fink,  1990;  T.  Meier,  L. 
Davis,  R.  Henriquez,  and G.  Blobel,  unpublished data), 
some have been found to recognize yeast nuclear pore com- 
plex antigens (Aris and Blobel, 1989; Davis and Fink, 1990; 
Carmo-Fonseca et  al.,  1991; Rout,  M.,  and  G.  Blobel, 
manuscript in preparation).  It has been demonstrated by 
Davis  and Fink (1990)  that these monoclonal antibodies, 
raised against rat antigens, can be successfully used to clone 
yeast nucleoporins from expression libraries. By a combina- 
tion of immunofluorescence and Western blotting we tested 
a total of 29 different monoclonal antibodies from this panel 
for their cross-reactivity with yeast (data not shown). To iso- 
late new nucleoporins by screening expression libraries, we 
used a high affinity monoclonal antibody, MAb192, that ap- 
peared to recognize previously undescribed antigens. 
The indirect immunofluorescence results of MAb192 with 
the yeast S. cerevisiae are shown in Fig. 1. The staining with 
MAb192  is nuclear, distinctly punctate, and (depending on 
the focal plane of  the particular cell) also localized to the nu- 
clear periphery. Several pairs of cells on the left side of this 
field appear to be dividing, based upon the DAPI staining 
and the extension of the punctate immunofluorescence stain- 
ing through the bud neck (Davis and Fink, 1990).  Punctate 
nuclear envelope staining is a characteristic and well docu- 
mented property of antibodies directed against nuclear pore 
complex proteins in both mammalian and yeast cells (Davis 
and Blobel, 1986;  Aris and Blobel, 1989;  Davis and Fink, 
1990;  Nehrbass et al.,  1990). 
The definitive localization of MAb192 binding to the nu- 
clear pore complexes of yeast has been accomplished by the 
use  of postembedding  immunoelectron  microscopy.  The 
binding of MAb192  to thin sections from a  haploid yeast 
spberoplast was visualized by the presence of colloidal gold 
particles (10 nm) coated with a goat anti-mouse antibody. 
The micrographs in Fig. 2 clearly reflect the localization of 
MAb192 to the nuclear pore complexes in the nuclear enve- 
lope.  The nuclear pore complex is visible as an electron 
dense patch  spanning the clear area between the nuclear 
membranes. In all cases, gold particles localized to the nu- 
clear envelope were coincident with the electron density typ- 
ical of a pore complex. Therefore, the immunofluorescence 
signal with MAb192  reflects the antibody binding at pore 
complexes. The positions of over 400 gold particles in 50 
typical cell sections was quantified (Table III). The calcula- 
tion of gold particle density in the nuclear envelope versus 
either the nucleoplasm or the cytoplasm reflects the speci- 
ficity of MAb192 for pore complex proteins. Overall, the lo- 
calization of MAb192 to pore complexes in the nuclear enve- 
lope is at least 14 times higher than that in the nucleoplasm, 
and eightfold greater than that in the cytoplasm. 
Because the binding of MAb192  was primarily, although 
not exclusively, to the nuclear pore complexes, the distribu- 
tion of MAb192 reactive proteins during nuclear subfractio- 
nation was investigated. Yeast nuclei from S. uvarum were 
prepared by the method of Rozijn and Tonino (1964) with the 
modifications described by Rout and Kilmartin (1990).  The 
nuclei are recovered in a single fraction with a total yield of 
,,o80 % as reflected by monitoring the fractionation of NOP1 
(Fig. 3 B, lane 7), a known yeast nucleolar protein (Schim- 
mang et al.,  1989;  Henriquez et al.,  1990).  This enriched 
nuclear fraction clearly contains several major coenriching 
bands with apparent molecular sizes of 49, 54, 65, 100, and 
118 kD that are recognized by MAb192 (Fig. 3 A). A 35- and 
a  12-kD protein are present in spheroplasts (lane/) and a 
postnuclear supernatant (lane 2) but do not coenrich with the 
nuclei. The combination of the immunolocalization and cell 
fractionation  data  indicates  that  MAb192  recognizes  a 
unique group of yeast proteins, the majority of which behave 
as nuclear pore complex proteins. 
Isolation of  Genes Encoding New Yeast Nucleoporins 
NUIM9, NUPIO0, and NUP116 
We isolated clones from a yeast genomic )~gtll  expression 
The Journal of Cell Biology, Volume 119, 1992  708 Figure L  Punctate nuclear rim staining of yeast cells by MAb192 as detected by indirect immunofluorescence  microscopy. Formaldehyde 
fixed yeast cells (diploid strain W303) were incubated with MAb192, and binding was detected with an FITC-conjugated  goat anti-mouse 
IgG (top).  The coincident DAPI staining is also shown (bottom).  Bar, 5 #m. 
library  based  upon  their  cross-reactivity  with  MAb192. 
Only three of the isolates that were recognized by MAb192, 
clones 4A,  4B,  and 4C,  will be presented in this paper. 
Whole bacterial cell extracts from lysogenic strains for the 
respective positive clones were prepared before and after in- 
duction with 10 mM isopropylthiogalactoside (IIrl'G). The 
lysates  were  analyzed by  SDS-polyacrylamide gel  elec- 
trophoresis and subsequent Western blots were probed with 
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IPTG induced,  distinct  major polypeptide strongly recog- 
nized by MAb192. Only one of the clones (4C) is a lacZ fu- 
sion protein (confirmed by DNA sequencing). 
The  complete  DNA  sequence  of  these  three  positive 
Figure 2. MAb192 recognizes pro- 
teins in the nuclear pore complex of 
yeast ceils. Immunolabeling of  thin 
sections from postembedded yeast 
haploid spheroplasts was performed 
with  MAb192 as described  in the 
Methods.  The  micrograph  in  A 
shows a  thin  section  of an entire 
cell.  The 10-nm gold particles  la- 
beling nuclear pore complexes are 
indicated by arrowheads. A magni- 
fication of a cluster of labeled nu- 
clear pore complexes in a different 
thin section is shown in B. Quanti- 
fication of the MAb192 labeling in 
50  representative  cell  sections  is 
presented in Table Ill. Bars, 0.2 #m. 
clones was determined, as well as the sequence of overlap- 
ping clones that were isolated from either the Xgtl 1 library 
or a YEpl3-based, yeast genomic plasmid library (Nasmyth 
and Tatchell,  1980).  The resultant nucleotide and predicted 
amino acid sequences are presented in Fig. 4, A-C. All three 
The Journal of Cell Biology, Volume  119, 1992  710 Table I11. Distribution of MAb192 and 12CA5 Antibody in lmmunoelectron Microscopy Experiments 
Number of Gold Particles 
Nucleoplasm  Nuclear Pore Complex  Cytoplasm 
Density (gold partielest~m 2) 
Nucleoplasm  Nuclear Pore Complex*  Cytoplasm 
MAb192  22  172  209  0.4  5.6*  0.7 
12CA5  12  73  48  0.2  2.4*  0.2 
The number and location of 10 nm gold particles in 50 cell thin sections of postembedded yeast haploid spheroplasts, representing 
either the binding of MAb192 or the monoclonal antibody 12CA5 in a strain expressing epitope tagged NUP49, are shown. 
*Because the number of pore complexes per section was variable, the area of the entire nuclear envelope was used to calculate 
the density at nuclear pore complexes. Therefore these values are an underestimate. The density of gold particles was calculated by 
using the average area of the nucleoplasm, nuclear envelope, and cytoplasm in thin sections of five typical cells. 
sequences contain a single large uninterrupted open reading 
frame. These three distinct genes are capable of encoding 
proteins of 1113, 959,  and 473 amino acids with predicted 
sizes of 116.4, 100.0, and 49.2 kD, respectively. These values 
have assumed the use of the first AUG codon in each open 
reading frame,  which in all three cases lies immediately 
downstream of an A residue at position  -3,  a highly con- 
served element for an optimal translational start site (Ham- 
ilton et  al.,  1987).  Further upstream,  sequences  resem- 
bling the TATA consensus for transcriptional initiation exist 
(Struhl,  1987).  Finally, the appropriate sequences for effi- 
cient transcriptional termination are found downstream of 
the first translational termination codon in all the open read- 
ing frames (Zaret and Sherman,  1982). 
The genes have been designated NUP116, NUPIO0, and 
NUP49, where NUP stands for nucleoporin or nuclear pore 
complex protein as described by Davis and Fink (1990), and 
the numbering reflects the predicted molecular mass (kD) 
from the amino acid sequence. 
The Amino-Terminal Regions 
of These New Nucleoporins Contain 
'~TLFG" Repeats 
Comparison  of  the  amino  acid  sequences  of  NUP49, 
NUP100,  and NUPll6 to the sequences in the GenBank and 
EMBL data bases revealed that all three are novel proteins. 
Analysis of their primary sequence suggests that all three 
have at least two distinct structural regions that span the 
amino- and carboxy-terminal halves of each. Fig. 5 A dia- 
grams these potential domains and the position of acidic 
and basic residues throughout the sequences.  The amino- 
terminal half of each protein possesses an unusual charge 
distribution, with the virtual absence of acidic residues and 
the presence of  a few well-spaced basic residues. In contrast, 
the  carboxy-terminal half contains a  mixture of charged 
residues resulting in an overall predicted isoelectric point of 
5.94 for NUP49, 9.38 for NUP100,  and 9.32  for NUPll6. 
As  reflected  by  the  different  shading  of the  carboxy- 
terminal regions in Fig. 5 A, the carboxy-terminal half of 
NUP49 diverges greatly from that of NUP100 and NUP116. 
However,  the  carboxy-terminal  regions  of NUPI00  and 
NUPll6 are strikingly similar. Over their entire carboxy- 
terminal domains, they are '~,35 % identical and 32 % con- 
served for an overall similarity value of 67 %. This homology 
is especially evident in the carboxy-terminal 150 amino acids 
of each (Fig. 5 B) where nearly 54% of the residues are iden- 
tical and 24% are conserved (totaling 78%). We failed to de- 
tect any notable similarities between the carboxy-terminal 
regions of NUP49, NUP100,  and NUPll6 and any proteins 
in the data bases mentioned above. 
A closer examination of the primary amino acid sequence 
of the amino-terminal regions reveals striking and charac- 
teristic amino acid repeat motifs. The repeats have been 
grouped in Fig. 6 with the four consecutive glycine-leucine- 
phenylalanine-glycine (GLFG)  1 residues  constituting  the 
central core, and with a GLFG motif composed of at least 
three of the four residues. As verified by dot matrix analyses 
of the sequences with themselves, this GLFG motif is re- 
peated 13, 29, and 33 times, respectively, in the individual 
amino-terminal regions of NUP49, NUP100, and NUPll6. 
The spacer sequences between the GLFG repeats are un- 
usually rich in asparagine (N), glutamine (Q),  serine (S), 
and threonine (T) residues, so that even though these regions 
are relatively uncharged they are polar in nature. We have 
designated the amino-terminal regions of NUP49, NUP100, 
and NUP116  the "GLFG" domain. 
Secondary structure analysis for NUP49,  NUP100,  and 
NUPll6 suggests a complete segregation of helix forming 
residues  to  their  carboxy-terminal halves  (Gibrat  et  al., 
1987). In contrast, the GLFG domain is predominantly com- 
posed of stretches of amino acid residues with a preference 
for maintaining either an extended or coil conformation, 
separated by putative turns. Therefore, the differences in the 
primary structure composition of the amino- and carboxy- 
terminal halves of these new nucleoporins may reflect differ- 
ent structural (and functional) domains. 
The 3' Noncoding Sequence of  Both NUPIO0 
and NUP116 Contain a Histidine tRNA Gene and 
7)2 Delta Element 
Although there was a remarkable similarity in amino acid se- 
quence between regions of NUP116, NUP100, and NUP49, 
there is no especially notable conservation throughout their 
1. Abbre~ations used  in this  paper: GLFG,  glycine-leucine-phenylalanine- 
glycine; HA, hemagglutinin  antigen. 
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upstream sequence in these clones. However, there are two 
regions in the 3' noncoding sequence of NUPll6 and NUPIO0 
that possess some surprising similarities. The 72 bp of  boxed 
DNA sequence (Fig. 4, A and B, respectively) downstream 
of both NUP116 and NUPIO0 are identical to each other and 
its complementary sequence is identical to genes encoding 
the  histidine  tRNA  of yeast S.  cerevisiae  (del  Rey et al., 
1983). These newly identified histidine tRNA genes end 230 
and  324  bp  downstream  of  the  termination  codons  for 
NUP116 and NUPIO0,  respectively. 
The DNA sequences on either side of the respective histi- 
dine tRNA genes are divergent until a region either 145 or 
130 bp from the tRNA gene initiation point (underlined se- 
quence in Fig. 4, A and B, respectively). These underlined 
sequences  again both possess striking homologies, and in 
this case are strongly related to the delta (~) element of Tyl 
transposons. The ~ sequence elements in the genome of bud- 
ding yeast have been found as either direct repeats that flank 
the Tyl transposon or as solo elements without the central 
portion of Tyl (Boeke,  1989).  The underlined region of the 
NUP116 clone, beginning at 4516 bp, is 86.3%  identical to 
the long terminal repeat ofTyl-H3 (Boeke et al., 1988). This 
homology continues into the central portion of Tyl-H3 until 
the NUP116 clone ends. In the NUPIO0 clone the underlined 
sequence from bp 4293 to 4607 appears to be a solo ~ ele- 
ment possessing  an  81.6%  identity  to  the  Tyl-H3 ~.  The 
NUPIO0 solo ~ element is in an inverted orientation rela- 
tive to the tRNA gene when compared with the positioning 
of these  elements  in  the  NUP116  clone  (see  diagram  in 
Fig.  8 A). 
Another unusual feature of the NUPll6 DNA sequence is 
the presence of an MluI restriction enzyme site ,v208 bp up- 
stream of the translation  initiation  codon.  MluI sites have 
been  found  within  the  promoters  of yeast  genes  whose 
Figure  3. MAb192 recognizes  a group of  yeast  nuclear  pore pro- 
teins.  (A)  Western  blot  analysis  of  the  MAb192 cross-reactive  pro- 
teins in yeast cell fractionation.  The Western blots were probed se- 
quentially  with MAb192,  rabbit anti-mouse IgG, and l~I-protein 
A. (Lane 1) Whole spheroplast lysate; (lanes 2 and 3) postnuclear 
supernatant  and crude nuclear pellet,  respectively. Lanes 4-8 are 
fractions from the sucrose gradient centrifugation of the crude nu- 
clear pellet. (Lane 4) Sample layer of  the gradient; (lane 5) the in- 
terface between the sample layer and the 2.0-M sucrose-PVP layer; 
(lane 6) the 2.0-2.1-M interface;  (lane 7) the 2.1-2.3-M  interface 
containing most of the nuclei; (lane 8) the remainder of the 2.3-M 
layer. Five discrete bands in the enriched nuclei fraction (lane 7) 
are identified as p118, pl00, t)65, p54, and I)49. Molecular  mass 
markers are indicated on the left. (B) Western blot analysis with 
the monoclonal  antibody  D77 of the yeast cell  fractionation.  A 
Western blot identical to that above was similarly processed except 
that the primary monoclonal D77 (Henriquez et al., 1990) was em- 
ployed to recognize NOP1, a yeast nucleolar  protein  of apparent 
molecular mass 38 kD. Estimates of the total milligrams of protein 
for each step of the fractionation,  starting from a 36-liter prepara- 
tion of  early log phase cells, are shown along the bottom of  the gel. 
Protein loadings for each lane for the Western blots in A and B are 
in proportion to the total protein recovered for the corresponding 
fractions; lanes 1-3 have 1/75,000 of  the total protein recovered and 
lanes 4-8 have 1/25,000 of the total protein recovered. (C) kgOl 
clones expressing MAb192 cross-reactive proteins. Proteins of cell 
lysates from lysogenic E. coil strains for three positive isolates (4 
A, 4 B, and 4 C), before (-) and after (+) a 90-rain induction with 
10 mM IPTG, were  separated  by electrophoresis  on a 7%  SDS 
polyacrylamide gel and transferred to nitrocellulose. The blot was 
probed sequentially  with  MAbI92,  rabbit anti-mouse  IgG, and 
finally  l~I-protein  (,4) Positions  of the molecular mass markers 
(leD) are noted. The three bands in lane 2 reflect the sensitivity of 
this protein to proteolysis. 
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cycle (Andrews and Herskowitz, 1990).  For example, sev- 
eral genes encoding essential DNA replication proteins con- 
tain one or more upstream MluI sites and are transcription- 
ally regulated in a cell-cycle dependent manner (Brill and 
Stillman,  1991; Pizzagalli,  et al.,  1988).  In general,  the 
number of nuclear pore complexes doubles in S phase of the 
yeast cell cycle (Jordan et al., 1977).  Therefore, in terms of 
studying the assembly of new nuclear pore complexes, the 
MluI site in the promoter of NUP116 and the potential for 
transcriptional regulation at the G1/S phase transition is in- 
triguing. This is a unique feature of the NUP116 promoter 
as no MluI sites are present in the upstream sequences of 
NUPIO0 and NUP49 or in the two published yeast nucleopo- 
rin sequences. 
MAb192 Binds to the GLFG Domain 
Because MAb192  cross-reacts with all three of these new 
proteins it was of interest to test whether the antibody was 
recognizing  the  common  GLFG  domain.  A  series  of 
malE/NUP49 fusions was constructed and expressed in the 
E. coli strain JM109 by induction with IP'I~ (Fig. 7, A and 
B). The proteins encoded by these plasmids are referred to 
here by their respective lane numbers in Fig. 7. Fusions 3, 
4,  and  5  are  progressively  truncated  from  the  amino- 
terminal end of NUP49. The 6, 7, and 8 fusions encode seg- 
ments of  the GLFG domain. Western blots of SDS polyacryl- 
amide gels identical to that in Fig. 7 B were probed with 
either MAb192, MAb350, or MAb414. In Fig. 7 C, MAb192 
exclusively recognizes the GLFG containing amino-terminal 
domain as indicated by the loss of reactivity with fusion 
5  (beginning 3'  of the  last GLFG repeat).  Furthermore, 
NUP49 contains multiple, separable epitope sites for bind- 
ing MAb192 because the nonoverlapping segments from the 
amino-terminal domain, contained in fusions 6 and 7, both 
cross-react (although with varying affinity, fusion 6 being 
weaker and having about two GLFG repeats whereas fusion 
7  has  five repeats).  The minimal fragment necessary for 
MAb192 binding may be that which is underlined in Fig. 4 
C (from comparing fusion 7 and 8). The GLFG repeat alone 
is not sufficient for MAb192 binding as fusion 8 and a con- 
struct with a linker encoding an insertion of only the resi- 
dues GGLFGN (data not shown) did not cross-react with 
MAb192. 
This study has also demonstrated that the epitope recog- 
nized by MAb192 differs from that of  MAb350 and MAb414. 
Fusions  3  and 6  were the only constructs that produced 
MAb350 (Fig. 7 D) or MAb414 (data not shown) cross-reac- 
tive proteins. Therefore, because MAb192  could recognize 
all the proteins encoded by fusions 3, 4, 6, and 7, MAb350 
and MAb414 must bind a distinct epitope that is encoded ex- 
clusively by fusions 3 and 6.  MAb350 was used to clone 
NUP1 and Davis and Fink (1990) proposed that it recognized 
an epitope within the 9-amino acid repeat domain of both 
NUP1 and NSP1. Our results are consistent with these pre- 
vious investigations if MAb350  is  recognizing the  single 
GFSFG sequence in NUP49 (see Fig. 6) that is encoded ex- 
clusively in fusions 3 and 6 and that is similar to the internal 
consensus of the  9-amino acid repeats  (Davis  and Fink, 
1990). 
NUP49 is an Essential Gene 
Gene disruption experiments have been conducted with all 
three genes, and Fig. 8 A displays the respective constructs 
that  have  been  employed to  make  heterozygous diploid 
strains.  Sporulation  of the  nup49-1::URA3 heterozygous, 
diploid  strain  (SWY1) generated  only  two  viable,  ura- 
spores per tetrad (Fig.  8 B).  The lethal phenotype of the 
nup49-1::URA3 disruption was rescued by the presence of a 
single-copy plasmid bearing an intact NUP49 gene (pSW62 
in haploid strain SWY11). However,  the disruption was not 
complemented by a  truncated NUP49 gene with two stop 
codons inserted after amino acid #76 (pSW64).  Overexpres- 
sion from NUPIO0 or NUP116 on 2 #m plasmids also does 
not complement the nup49-1::URA3 disruption. These ex- 
periments demonstrate that NUP49 is essential for viability. 
Microscopic examination of 120 dissected nup49-1::URA3 
spores revealed that growth was arrested in the large budded 
stage before or after at most one cellular division. 
Single Disruptants of NUPIO0 and NUPI16 are Viable 
The sporulation and dissection of the heterozygous nuplO0- 
1:: URA3 diploid strain resulted in the recovery of four viable 
spores (Fig. 8 B). Replica plating of the tetrads to selective 
media confirmed that the Ura  § markers segregated with the 
expected 2:2  ratio.  The  nuplOO-l::URA3 disruption  con- 
ferred no obvious growth defects nor any gross morphologi- 
cal differences as compared to wild type cells by electron mi- 
croscopy (data not shown). When the phenotype of a gene 
disruption of NUPll6 (nupll6-6::URA3)  was examined, the 
initial  appearance  of only healthy ura-  colonies  derived 
from dissected daughter spores was consistent with a lethal 
phenotype. However, prolonged incubation at 30~  revealed 
the presence of slow growing Ura  § colonies. When these 
nupll6-6:: URA3 haploid strains were grown in liquid culture 
at 30~  their doubling times were ,02.5 times longer than 
that  of wild  type  haploids.  The  growth  of the  nupll6- 
6::URA3  strain is also temperature sensitive such that at 
37~  the allele is lethal. Identical results have been obtained 
with  a  different  NUP116 disruption  construct  that  has 
replaced a fragment from the 5' most BamHI site shown in 
Fig.  8 A to  10 bp 5' from the stop codon with the HIS3 
marker.  The dramatic growth defect of NUPll6-deficient 
cells was nearly completely rescued by the presence of a 
single-copy plasmid bearing an intact NUP116 gene (pSW75 
in SWY54) but was not altered by a similar plasmid with an 
internal deletion in the NUP116 gene (pSW100). 
As described in the previous sections, MAb192 recognizes 
the amino-terminal GLFG domain of NUP49. Therefore, the 
major MAb192  cross-reactive proteins in the cell fraction- 
ation shown in Fig.  3 A may all be proteins that contain 
GLFG motifs. Protein extracts from yeast strains that lack 
either NUP100 or NUPll6 were prepared and analyzed by 
Western blotting with MAb192 (Fig. 8 C). The clear absence 
of the  respective  protein  bands  in  the  disrupted  strains 
confirms that pl00 and pl18 are encoded by NUPIO0 and 
NUP116. 
Because of the remarkable homology between NUP100 
and NUPll6,  the phenotype of a  diploid strain harboring 
both the nuplOO-l::URA3 and nup116-5::HIS3 disruptions 
was examined (SWY56).  This doubly disrupted, heterozy- 
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TATAGTGCGTATAACAAGT/~AAATGTCTTGTACA~ATGTAATTTATACTAAATGCAATAGA/tTATAAC  ATCAAT  ~~AT~~~  2259 
CTTTTCTTCGTGAAAAk  x-z"F~  r  ~  GCGATGAGAT  GGGAAG~AATATTGACATCTT  CAATTGAGAGAT  A~A~  ~T~T~AT~ET~&T~  2379 
G~ACCATGG  2394 
Figure 4. (A) Nucleotide and predicted amino acid sequence of the NUPlI6  locus. The predicted amino acid sequence (in single letter 
code) begins with the first AUG codon in the open reading frame and ends at the bold faced termination codon. The stars (below the base) 
designate the 5' and 3' ends of the )~gtl  1 4A clone. The arrow marks the insertion site (NsiI) for the HA linker. The histidine tRNA gene 
sequence  is  boxed  and  the  DNA  sequence  homologous  to  Ty  ~  element  is  underlined.  The  sequence  data  are  available  from 
EMBL/GenBank/DDBJ  under accession number Z15036. (B) Nucleotide and predicted amino acid sequence of the NUPIO0  locus. The 
predicted amino acid sequence (in single letter cede) begins with the first AUG codon in the open reading frame and ends at the bold 
faced termination codon.  The stars (below the base) designate the 5' and 3' ends of the hgtll 4B clone. The arrow marks the insertion 
site (NsiI) for the HA linker. The histidine tRNA gene sequence is boxed and the DNA sequence homologous to Ty ~ element is underlined. 
The sequence data are available from EMBL/GenBank/DDBJ  under accession number Z15035. (C) Nucleotide and predicted amino acid 
sequence of the NUP49  locus. The predicted amino acid sequence (single letter code) begins with the first AUG codon in the open reading 
frame and ends at the bold faced termination codon. The underlined amino acid sequence may be the minimal region necessary for MAb192 
binding. The stars (below the base) designate the 5' and 3' ends of the hgtll 4C clone. The arrow marks the insertion site (NsiI) for the 
HA linker. The sequence data are available from EMBL/GenBank/DDBJ  under accession number Z15040. 
gous strain was induced to sporulate and subjected to tetrad 
analysis.  Thus  far,  we have not  isolated  a  viable haploid 
strain that has both the Ura  + and His  + markers scored.  Ex- 
periments are currently underway that will definitively test 
for  this  possible  synthetic  lethality.  The  Ura  +  and  His  + 
markers from the sporulated diploid parent strain (SWY56) 
segregated independently,  indicating  that the NUPIO0 and 
NUP116  genes are on different chromosomes. This has been 
confirmed by the physical mapping of NUP49, NUPIO0, and 
NUP116 to chromosomes VII, XI,  and XI/I, respectively 
(data not shown). 
Localization of Epitope Tagged Gene Products 
by Immunofluorescence Microscopy 
The individual gene products were tagged with a unique epi- 
tope to independently confirm their localization to the nu- 
clear pore complex in yeast. A  sequence encoding a  nine 
amino acid epitope derived from the influenza hemagglutinin 
antigen (HA) (Wilson et al.,  1984) was inserted in frame at 
the NsiI sites of NUP49, NUPIO0, and NUPll6 as designated 
by the arrow in Fig. 4, C, B, and A, respectively. The tagged 
genes, under control of their endogenous promoters on sin- 
gle copy plasmids, were expressed in their respective null 
strains.  The  nup49-2::HA construct  (pSW63)  was  trans- 
formed into the diploid strain SWY1, and upon sporulation 
a  viable Ura+/Leu  + haploid strain segregated (SWY12) in- 
dicating that the nup49-2::HA gene product can functionally 
replace the wild-type NUP49 protein and rescue the lethal 
phenotype of the chromosomal disruption. In a similar man- 
ner,  the nupll6-3::HA  construct  (pSW76)  restores  nearly 
wild  type  growth  levels  to  the  nupl16-6::URA3 haploid 
strain. Therefore, the in vivo location of the epitope-tagged 
NUP49 and NUP116 should reflect the location of the endog- 
enous proteins. 
The expression of either nup49-2::HA or nupl16-3::HA in 
The JouTna] of Cell Biology, Volume 119,  1992  716 Figure 5. Structural features of NUP49, NUP100, and NUPll6. (A) 
The domain structure of NUP49, NUP100, and NUPll6.  The se- 
quence of each of the three proteins is represented here as contain- 
ing at least two regions;  an amino terminus  (lightly shaded) and a 
carboxy terminus (unshaded  for NUP49, darkly shaded for NUP100 
and NUPll6).  The positions of acidic  (A, top lane) and basic  (B, 
bottom lane) residues are noted, respectively,  as aspartic acid (inter- 
mediate  bar),  plus glutamic  acid  (full bar)  and  histidine  (small 
bar), plus lysine (intermediate bar), plus arginine (fullbar) (Marck, 
1988). (B) Alignment of  the NUP100 and N UP116 carboxy-terminal 
domains. An ALIGN analysis  (Dayhoff et al.,  1983) between the 
last 150 amino acid residues  of NUP100 (upper line) and NUP116 
(lower line) revealed a significant homology. The center line desig- 
nates the identical  (capital letter) and conserved (:) residues. 
their respective null strains and visualization by indirect im- 
munofluorescence  microscopy  with  the  monoclonal  anti- 
body 12CA5 against the HA epitope is shown in Fig. 9. This 
resulted in a  distinct punctate nuclear envelope staining  (B 
and C, respectively).  The staining is very similar to that ob- 
tained with MAb192 on these tagged strains or a wild-type 
haploid  strain.  The punctate  rim  staining  pattern  in B  and 
Figure 6.  A  new family of nucleoporins characterized  by GLFG 
repeats in their amino-terminal  domains. The amino-terminal  pro- 
tein sequences of NUP49, NUP100, and NUP116 have been aligned 
such that the consensus GLFG repeat is shown in the left column. 
Bold-faced  type  highlights  the  G,  L,  E  or G  residues  in  these 
repeats and any paired  FG residues  in the spacer  sequences.  The 
underlined and bold-faced ~FXF" sequences are the only such dou- 
ble phenylalanines  in each. 
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Wente et  al.  A New Family  of  Yeast  Nucleoporins  717 C  strongly suggests that NUP49 and NUPll6 are nuclear 
pore complex proteins. 
Exhaustive efforts were made to obtain a clear signal for 
the nuplOO-3::HA localization, including a wide variety of 
fixation  and  wash  conditions.  Although  extremely  faint 
punctate  nuclear  rim  staining  has  occasionally been  ob- 
served for a number of conditions, it has so far proven impos- 
sible to record this. The nuplOO-3::HA protein is being ex- 
pressed at approximately the same levels as the nup116-3::HA 
protein as detected by Western blotting of crude spheroplast 
samples from all the above strains (data not shown). The HA 
epitope recognized by the 12CA5  antibody has been found 
to be relatively insensitive to formaldehyde fixation in other 
nucleoporins (Davis and Fink, 1990) and the homology be- 
tween NUP116 and NUP100 would suggest that the problem 
does not lie in the positioning of the tag, which was placed 
at a similar point in the sequences of  both proteins. We there- 
fore propose that the relative level of immunofluorescence 
signal for these proteins reflects their accessibility to the an- 
tibody as defined by their position within the nuclear pore 
complex, the steric blocking by other nuclear pore complex 
proteins, and the degree to which the fixation procedure pre- 
serves the relative positions of these proteins. In the case of 
NUP100, these factors may have conspired to render it inac- 
cessible to the antibody. Similar access problems have been 
observed in another densely packed structure, the mamma- 
lian midbody (Saxton et al., 1984). In the light of the strong 
homology to NUPll6 and the coenrichment data discussed 
below, we believe that NUP100 is also a nuclear pore com- 
plex protein. 
Immunoelectron Microscopic Localization of 
Epitope Tagged NUP#9 to the Nuclear Pore Complex 
of Yeast Cells 
The expression of epitope tagged proteins was designed to 
facilitate the  localization of an  individual  protein with  a 
monospecific reagent (12CA5) versus the localization of the 
entire family with the polyspeeific MAb192. Using the same 
techniques we had employed to visualize MAbI92 binding 
with immunoelectron microscopy, the position of  the epitope 
tagged  NUP49  has  been determined.  Thin  sections from 
Figure 7. MAb192 recognizes multiple epitopes in the GLFG do- 
main of NUP49. (,4) A diagram compares the full length NUP49 
to the fusion protein products expressed from respective pSW plas- 
raids. The numbers along side each fusion reflect the amino acid 
residue boundaries of the NUP49 inserts, the malE/NUP49  plas- 
mids were constructed as described in the Methods. The GLFG  do- 
main is lightly shaded, the NUP49 carboxy-terminal domain is un- 
shaded, maltose binding protein is blackened, and LacZ sequences 
are striped. (B) Cell lysates from  E. coli  JM109 strains transformed 
with the fusion plasmids were prepared after a 2 h induction with 
0.3 rnM IPTG (lanes 2-8). Equivalent protein samples were sepa- 
rated by electrophoresis on a 7%  SDS polyacrylamide gel and 
visualized by Coomassie blue staining. Lane I is a sample from the 
strain with pMAL-cRI before IPTG addition. The individual strains 
from whence the samples for lanes 2-8 were generated correspond 
to the  plasmid  diagrammed  directly  above in Fig.  7A  (lane 2, 
pMAL-cRI; lane 3, pSW82; lane 4, pSW67; lane 5, pSW80; lane 
6, pSW85; lane 7, pSW81; lane 8, pSW95). (C) A Western blot of 
a gel identical to that in Fig. 7 B was probed sequentially with 
MAb192, rabbit anti-mouse IgG, and 125I-protein  A. (D) A West- 
ern blot as in Fig. 7 C except that the primary monoclonal antibody 
was MAb350. 
The Journal of Cell Biology,  Volume 119, 1992  718 Figure 8. Only NUP49 is required for cell viability. (A) Gene disruption constructs for NUP49, NUPIO0, and NUPll6. The diagrams show 
the replacements that were made in the respective genes with URA3 selectable markers. The restriction sites employed for the coincident 
gene deletion and marker insertion are bold faced. The restriction  sites used for the integrative transformations are noted in Table I (the 
* on the NUP116 locus indicates the position of the 5' EcoRI site in pSW54). (B) Tetrad dissections of heterozygous diploid strains with 
disruptions in NUP49, NUPIO0, or NUP116. The coinciding pictures directly to the right of  the constructs in A display the haploid segregants, 
from seven representative  tetrads,  from the respective diploid strain  heterozygous for the chromosomal disruption  (A49 =  SWY1 for 
nup49-1::URA3; A100 =  SWY2 for nuplOO-l::URA3; and All6 =  SWY30 for nupll6-6:URA3). The dissected spores were incubated at 
30~  on YEP glucose plates for 3 d with A49 and A100, or 5 d with All6. (C) Western blots with MAb192 of proteins from disrupted 
haploid strains. Proteins from total cell extracts of haploid yeast strains were separated by electrophoresis on a 7 % SDS polyacrylamide 
gel, transferred to nitrocellulose,  and processed as described in the Methods. (Lane 1 ) W'dd type (W303a); (lane 2) A100 (SWY3); (lane 
3) All6 (SWY29). Molecular  mass markers are indicated at the left in kilodaltons. 
postembedded spheroplasts of the haploid yeast strain ex- 
pressing  nup49-2::HA  (SWY12)  were  successively  incu- 
bated with the monoclonal 12CA5  antibody against the HA 
epitope  and  10  nm  colloidal  gold  coated  with  goat  anti- 
mouse antibodies. The micrograph in Fig.  10 shows the lo- 
calization of gold particles to the nuclear pore complexes. 
Quantification of the gold particles in 50 representative cell 
thin sections highlights that this is specific binding at the nu- 
clear pore complexes (Table III). Therefore,  the  immuno- 
electron microscopy results confirm that, as with MAb192, 
the  punctate  nuclear  rim  staining  in  the  epitope-tagged 
NUP49 immunofluorescence studies is due solely to nuclear 
pore complex binding. 
Discussion 
We have isolated and characterized three genes that encode 
a novel class of yeast nuclear pore complex proteins; NUP49, 
NUP100, and NUPll6. These are nuclear pore complex pro- 
teins as concluded from a combination of immunolocaliza- 
tion and subcellular fractionation data. Immunoelectron mi- 
croscopy with MAb192, which recognizes all three proteins, 
showed specific localization to the nuclear pore complex and 
not the nuclear envelope (Fig. 2).  The localization of each 
individual protein has been addressed by the use of epitope 
tagging. Both the tagged NUP49 and NUPll6 resulted in a 
punctate  nuclear  rim  staining  in  immunofluorescence ex- 
periments.  The definitive localization  to  the  nuclear  pore 
complexes  by  immunoelectron  microscopy has  been pre- 
sented for only NUP49.  Similar experiments are underway 
with tagged NUP116 and NUP100. However, the subcellular 
fractionation data substantiates the conclusion that NUP49, 
NUP100, and NUP116 are nuclear pore complex proteins not 
only by their cofractionation with yeast nuclei (as shown in 
Fig. 3 A), but also by their exclusive enrichment with the iso- 
lation of nuclear pore complexes (Rout, M., and G. Blobel, 
manuscript in preparation). 
The criteria for classifying these three proteins as mem- 
bers of a new family are based upon comparisons with the 
known yeast nucleoporins. It was found that the only similar- 
ities  are  restricted  to  the  GLFG  domains  of  NUP116, 
NUP100,  and NUP49.  The amino-terminal region of NSP1 
and the carboxy-terminal region of NUP1 appear to contain 
at most six to nine degenerate versions of the GLFG motif 
flanked by uncharged spacers (Fig.  11). In comparison the 
GLFG regions of NUP49,  NUP100, and NUP116 are more 
extensive and more tightly conserved than those found in 
NUP1 and NSP1. Searches of  the available protein data banks 
do not reveal any other sequences with such GLFG motifs. 
Surprisingly,  NUP49,  NUP100,  and  NUPll6  lack  the 
9-amino acid repeat domain found in NUP1 and NSP1. The 
core  consensus  sequence  of the  GLFG repeat motifs and 
Wente et al. A New Family of Yeast Nucleoporins  719 Figure  9.  Immunolocalization  of  epitope  tagged  NUP49  and 
NUP116. Indirect immunofluorescence staining with the monoclo- 
hal antibody 12CA5 directed against HA tagged proteins are shown 
in the left photo of A (with strain SWY11, no HA tag),  B (strain 
SWYI2, NUP49 tagged), and C (strain SWY55, NUPll6 tagged). 
The background staining observed with the 12CA5 antibody is in- 
cubated with a haploid strain that is not expressing any HA-tagged 
protein is shown in A. The primary monoclonal antibody 12CA5 
was visualized by the binding of  FITC-conjugated goat anti-mouse. 
The coincident DAPI staining of the same field of cells is shown 
in the right photo of each panel. Bar, 5 #m. 
the 9-amino acid repeats are clearly distinct. Moreover, the 
spacer sequences are of an entirely different nature, highly 
charged for the 9-amino acid repeat domains and uncharged, 
Q, N, S, and T rich for the GLFG repeat regions. The amino- 
terminal regions of  NUP49, NUP100, and NUP116 each con- 
tain a single "FXF" sequence (see Fig. 6) which is reminis- 
cent of the central core sequence of a 9-amino acid repeat. 
However, the context of the surrounding sequence is not ho- 
mologous to  the  9-amino  acid  repeat  domains.  It  is  the 
repetitive nature of both the GLFG motif and the 9-amino 
acid repeat that has been the basis for the designation of  these 
primary structure domains. Secondary structure prediction 
programs (Gibrat et al., 1987) suggest that the GLFG region 
Figure 10. Epitope tagged NUP49 is localized at the yeast nuclear 
pore complexes. Immunolabeling of  thin sections from postembed- 
ded spheroplasts of  the haploid strain SWY12 (HA tagged NUP49) 
was accomplished by sequential incubations with the monoclonal 
antibody 12CA5 and 10 nm colloidal gold coated with goat anti- 
mouse antibody. The position of gold particles are indicated by the 
arrowheads. Table HI contains the quantification data from the 
labeling of 50 typical cell sections. Bar, 0.2 #m. 
does not form the same secondary structure element that has 
been predicted for the 9-amino acid repeat domains (an am- 
phipathic B barrel, Davis and Fink,  1990). 
We propose that  families of yeast nucleoporins can be 
classified by their  composition of primary  structure  do- 
mains. So far two different modular protein domains are dis- 
tinguishable, namely the 9-amino acid repeat domain and the 
GLFG domain, NSP1 and NUP1 have both the 9-amino acid 
repeat domain and a degenerate GLFG domain, whereas the 
three  new  NUPs  have  only a  conserved GLFG domain. 
Therefore, NUP49,  NUP100,  and NUPll6  resemble each 
other far more than they do NUFI or NSPI. Thus, they may 
constitute a class distinct from that of NUP1 and NSP1. It is 
possible to imagine a variety of  nucleoporin subfamilies aris- 
ing  from  other  combinations  of the  GLFG domain,  the 
9-amino acid repeat domain, and any,  as yet, unidentified 
domains. 
Our epitope mapping  studies have shown that MAb192 
recognizes multiple sites in the GLFG domain of NUP49 
and, by inference, in the other proteins it recognizes. This 
recognition by MAb192 may require more than a simple lin- 
ear peptide sequence, and it may bind to the antigen via a 
characteristic  secondary  structure  of the  GLFG  domain 
(Laver et al., 1990). This work has extended the understand- 
The Journal of Cell Biology,  Volume 119, 1992  720 Figure  11.  Yeast nucleoporin subfamilies. The proposed domain 
structures  of NUP1, NSPI,  NUP49, NUP100, and NUPI16  are 
shown.  The amino-terminal  regions  of NUP49, NUPIO0, and 
NUPII6 are characterized by the GLFG motif (boxes on a  line). 
The central regions of both NUP1 and NSP1 are composed of a 
9-amino acid repeat domain (diamonds;  Davis and Fink,  1990; 
Nehrbass et al., 1990). The amino-terminal domain of NSP1 and 
the carboxy-terminal domain of  NUP1 resemble the GLFG  domains 
in NUP49, NUP100, and NUP116. This limited similarity is due, 
coincidentally, to the lack of acidic residues and only spaced basic 
residues and to the presence of, at most,  six to nine degenerate 
GLFG repeats in these regions of NSPt and NUP1. The number of 
individual boxes or diamonds reflects the number of repeats in the 
respective domain.  The homologous carboxy-terminal regions of 
NUP100 and NUP116  are shaded whereas unique domains amongst 
these proteins are unshaded. The only common feature between all 
five of these nucleoporins is the presence of the GLFG domain. 
ing of  the basis for the polyspecific  cross-reactivity observed 
with many of the anti-nucleoporin monoclonal antibodies, in 
that there are at least two unique repetitive domains shared 
amongst the various nucleoporins that may be recognized 
by different sets  of monoclonal antibodies.  MAb350  and 
MAb414,  for example, recognize an epitope distinct from 
MAb192 and contained within the 9-amino acid repeat do- 
main (Davis and Fink,  1990). 
Based  upon  the  complexity  of  the  MAb192  cross- 
reactivity with isolated yeast nuclei, we believe that there are 
at least five different nuclear pore complex proteins that con- 
tain extensive stretches of the conserved GLFG motif and 
therefore belong to this new family of nucleoporins. Three 
GLFG containing proteins with predicted sizes of 49,  100, 
and  116 kD have been described here. At least two more 
nucleoporins with  putative GLFG domains  and  apparent 
molecular masses of 54 and 65 kD exist and are in the pro- 
cess of being characterized (S. Wente, unpublished results). 
The two proteins that do not coenrich with yeast nuclei (with 
apparent molecular masses of 35 and  12 kD) may contain 
single or multiple repeats of the MAb192 epitope. However, 
any structural or functional relationship to the nucleoporins 
with extensive repeats of the GLFG motif remains to be 
shown. 
Because MAb192  was  generated from rat nuclear anti- 
gens, mammalian homologs of this yeast GLFG family can 
probably also be isolated. In fact, peptide sequences from 
several purified rat liver nuclear pore complex proteins have 
been found to contain GLFG motifs (Wozniak, R., and G. 
Blobel, unpublished results). The complete sequence of only 
a single mammalian nucleoporin, p62, has been reported so 
far. The amino-terminal region of p62 has been described as 
a  9-amino acid  repeat domain,  but the spacer sequences 
flanking the GFxFG repeats are uncharged and serine/threo- 
nine  rich  (Starr  et  al.,  1990;  Starr  and  Hanover,  1991; 
Cordes  et  al.,  1991;  Carmo-Fonseca  et  al.,  1991).  The 
carboxy-terminal regions of vertebrate p62 and NSP1 share 
significant  sequence  similarities  (Carmo-Fonseca  et  al., 
1991; Cordes et al.,  1991; Starr and Hanover, 1991).  More 
mammalian  nucleoporins  must  be  sequenced  before  the 
correlations to  the  yeast nucleoporin subfamilies  can  be 
drawn. 
All three of these new genes have dramatically different 
phenotypic effects on the normal growth of a yeast cell. The 
NUP49 gene product is required for cell viability, and it has 
a unique carboxy-tcrminal region attached to the GLFG do- 
main. The amino-terminal region of NUP1 and the carboxy- 
terminal region of NSP1 are also both encoded by essential 
genes and appear to be unique domains amongst the known 
yeast  nucleoporins  (Davis  and  Fink,  1990;  Hurt,  1988; 
Nehrbass et al., 1990). The functional roles of  the individual 
domains of the yeast nucleoporin NSP1 have been examined. 
The carboxy-terminal  domain of NSP1 has been shown to be 
sufficient for localization to the nuclear pore complex and 
complementation of a lethal null strain. Furthermore, a tem- 
perature sensitive mutation in this carboxy-terminal domain 
arrested cell growth and prevented the accumulation of a 
nucleolar protein (Nehrbass et al.,  1990; Hurt, 1990). The 
cellular functions of the two nonessential domains of NSP1, 
namely the 9-amino acid repeat region and the degenerate 
GLFG domain, have not yet been determined. 
In contrast with the other yeast nucleoporins, the predicted 
amino acid sequences of NUP100 and NUP116 are highly 
conserved over their entire length and therefore, individu- 
ally, they lack a unique domain. This suggests they may have 
been derived by evolution from a common ancestral gene. 
The histidine  tRNA  genes  in  our NUPI00  and  NUPll6 
clones are the fourth and fifth histidine tRNA genes found 
to date. In 1983, del Rey et al. (1983) reported that there were 
at least seven histidine tRNA genes in the genome of yeast 
S.  cerevisiae. The striking DNA conservation between the 3' 
noncoding regions of NUPIO0 and NUPll6 may very well be 
a  remnant of a  previous recombination event. Because of 
the dramatically different phenotypes observed in NUP116- 
deficient compared to NUP100-deficient cells, it may actu- 
ally be the nonhomologous regions between these two pro- 
teins that are important for their discrete functions. Further 
characterization of the slow growth, temperature sensitive 
phenotype of  cells lacking NUP116 may also yield functional 
insights. 
If domains with extensive stretches of the GLFG repeat 
motif  or the 9-amino acid repeat motif  are exclusive features 
of nucleoporins, then the type of domain usage in nuclear 
pore  complex proteins  could be  a  reflection of common 
structural  or functional properties of a  given nucleoporin 
subfamily.  For example,  the localization of proteins with 
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(NUP1 and NSP1) might be to different substructures of the 
nuclear pore complex than that of  proteins with only a GLFG 
domain (NUP49,  NUP100, and NUPll6). It is also possible 
that the GLFG domain is designed  to mediate a particular 
nuclear pore complex property, be it for interactions with an- 
other class of nucleoporins or with transport substrates. The 
current literature is filled with numerous and diverse exam- 
pies of similar domains and amino acid repeat motifs that are 
responsible  for a common property of functionally distinct 
proteins (Doolittle,  1989); such as the "EGF domains" in the 
LDL receptor (Sfidlaof  et al., 1985), the leucine zippers and 
Zn-fingers of DNA binding proteins (Harrison, 1991), or the 
motifs shared by RNA binding proteins (Bandziulis et al., 
1989).  As more is learned about all the nucleoporins,  it is 
likely that the combinations of unique and shared domains 
will mirror distinct and common functional features of the 
nucleoporin  subfamilies. 
At this stage we propose that the essential  NUP49 has a 
distinct function from that of the other two essential nucleo- 
porins,  NUP1  and NSP1. Furthermore NUP49 may play a 
different role than NUP100 and NUP116 because of  its unique 
carboxy-terminal domain. Our future work will focus on lo- 
calizing the individual GLFG family members to the sub- 
structures of the yeast nuclear pore complex and delineating 
the functional  role of these proteins in nucleocytoplasmic 
traffic. 
This paper is dedicated to George E. Palade. 
We are especially indebted to Eleana Sphicas for providing her technical 
expertise in conducting the immunoelectron microscopy experiments. We 
are also grateful to Thomas Meier for generously providing the MAb192 
cell line. We thank Chris Hardy for numerous reagents and discussions 
concerning  yeast cloning and genetics; Richard Wozniak for providing pep- 
tide sequences; Edward Eisenstein for advise and assistance with protein 
homology searches; Linda Riles for prime lambda-clone filters used in 
yeast chromosome mapping; and Susan Smith for critical reading of the 
1Tlanuscript. 
S. R. Wente was supported by a National Research Service Award fel- 
lowship (1F32GM14268) and M. P. Rout by a fellowship from The Jane 
Coffin Childs Fund for Medical Research. 
Received for publication 11 June 1992 and in revised form 3 August 1992. 
References 
Akey, C. W. 1989. Interactions  and structure of the nuclear pore complex re- 
vealed by cryo-electron microscopy. J.  Cell Biol.  109:955-970. 
Akey, C. W. 1990. Visualization of transport-related  configurations of the nu- 
clear pore transporter. Biophys. J.  58:341-355. 
Akey, C. W., and D. S. Goldfarb. 1989. Protein import through the nuclear 
pore complex is a multistep process. J.  Cell Biol.  109:971-982. 
Andrews, B. J., and I. Herskowitz. 1990. Regulation  of cell cycle-dependent 
gene expression in yeast.  J.  Biol.  Chera. 265:14057-14060. 
Aris, L  P., and G. Blobel. 1989. Yeast nuclear envelope proteins cross react 
with an antibody against mammalian pore complex proteins. J.  Cell BioL 
108:2059-2067. 
Bandziulis,  R. J., M. S. Swanson, and G. Dreyfuss. 1989. RNA-binding pro- 
teins as developmental regulators. Genes & Dev.  3:431-43% 
Boeke, J. D. 1989. Transposable elements in yeast. In Mobile DNA. D, Berg 
and M. Howe, editors. ASM Publications,  Washington, EtC. 335-374. 
Boeke, J. D., D. Eichinger, D. Castrillon, and G. R. Fink.  1988. The Sac- 
charomyces cerevisiae genome contains functional and nonfunctional copies 
of transposon Tyl. Mol.  Cell.  Biol.  8:1432-1442. 
Brill, S., and B.  Stillman.  1991.  Replication  factor A  from Saccharomyces 
cerevisiae is encoded by three essential genes coordinately  expressed at S 
phase. Genes & Dev.  5:1589-1600. 
Carmo-Fonseca, M., H. Kern, and E. C. Hurt. 1991. Human nncleoporin p62 
and the essential yeast nuclear pore protein NSP1 show sequence homology 
and a similar domain organization.  Eur. J.  Cell Biol.  55:17-30. 
Clark, M. W., and J. Abelson. 1987. The subnuclear localization  of tRNA li- 
gase in yeast. J.  Cell Biol.  105:1515-1526. 
Collins, J. F., arid A. F. W. Coulson.  1990. Significance of protein sequence 
similarities.  Methods Enzymol.  183:474-487. 
Cordes, V., I. Waizenegger, and G. Krohne. 1991. Nuclear pore complex gly- 
coprotein  p62 of  Xenopus laevis and mouse: eDNA cloning and identification 
of its glycosylated  region. Fur. J.  Cell Biol.  55:31-47. 
Dabauvalle,  M.-C., B. Schulz, U. Scheer, and R. Peters. 1988a. Inhibition of 
nuclear accumulation of  karyophilic proteins in living cells  by microinjection 
of the lectin wheat germ agglutinin.  Exp.  Cell Res.  174:291-296. 
Dabauvaile,  M.-C., R. Benavente, and N. Chaly.  1988/7. Munoclonai antibod- 
ies to a Mr 68000 pore complex glycoprotein interfere with nuclear protein 
uptake  in Xenopus oocytes.  Chromosoma.  97:193-197. 
Davis, L. I., and G. Blobel.  1986. Identification and characterization  of a nu- 
clear pore complex protein. Cell.  45:699-709. 
Davis, L. I., and G. Blobel.  1987. The nuclear pore complex contains a family 
of glycoproteins that  includes  p62:  glycosylation  through a  previously 
unidentified pathway.  Proc. Natl. Acad.  Sci.  USA.  84:7552-7556. 
Davis, L. I., and G. R. Fink. 1990. The NUPI gene encodes an essential com- 
ponent of the yeast nuclear pore complex. Cell.  61:965-978. 
Dayhoff, M. O., W. C. Barker, and L. T. Hunt.  1983. Establishing homologies 
in protein sequences.  Methods Enzymol.  91:524-545. 
del Rey, F., T. F. Donahue, and G. R. Fink. 1983. The histidine tRNA genes 
of yeast. J. Biol.  Chem.  258:8175-8182. 
Dingwall,  C., and R. A. Laskey.  1986. Protein import into the cell nucleus. 
Annu.  Rev.  Cell Biol.  2:367-390. 
Doolittle, R. F. 1989. Redundancies in protein sequences. In Prediction of  Pro- 
tein Structure  and the Principles of Protein Conformation.  G. D. Pasman, 
editor. Plenum Publishing Corp., New York. 599-623. 
Dworetsky, S., and C. Feldherr. 1988. Translocation  of  RNA-coated gold par- 
ticles through the nuclear pores of oncytes. J.  Cell Biol.  106:575-584. 
Featherstone, C., M. K. Darby, and L. Gerace. 1988. A monnclonal antibody 
against the nuclear pore complex inhibits nucleocytoplasmic transport of  pro- 
tein and RNA in vivo. J.  Cell Biol.  107:1289-1297. 
Feldherr,  C.  M.,  E.  Kailenbnch,  and  N.  Schuttz.  1984.  Movernem of a 
karyophitic  protein through the nuclear  pores of oocytes. J.  Cell Biol. 
99:2216-2222. 
Finlay, D. R., and D. J. Forbes. 1990. Recunstitution of biochemicaUy altered 
nuclear pores: transport can be eliminated  and restored. Cell.  60:17-29. 
Fintay, D. R., E. Meier, P. Bradley,  L  Horecka,  and D. J. Forbes. 1991. A 
complex of nuclear pore proteins required  for pore function. J.  Cell Biol. 
114:169-183. 
Finlay, D. R., D. D. Newmeyer, T. M. Price, and D. J. Forbes. 1987. Inhibi- 
tion of in vitro nuclear transport by a lectin that binds to nuclear pores. J. 
Cell Biol.  104:189-200. 
Gibrat, J.-F., L Gamier, and B. Robson. 1987. Further development  of  protein 
secondary structure  prediction using  information theory.  J.  Mol.  Biol. 
198:425-443. 
Haltiner, M., T. Kempe, and R. Tjian.  1985. A novel strategy for constructing 
clustered point mutations.  Nucl. Acids Res.  13:1015-1025. 
Hamilton, R., C. K. Watanabe,  and H. A. de Boer.  1987.  Compilation  and 
comparison of the sequence context around the AUG startcoduns  in Sac- 
charomyces cerevisiae mRNAs. Nucl. Acids Res.  15:3581-3593. 
Hanahan, D. 1983. Studies on transformation of  Escherichia  coil with plasmids. 
J.  MoL  Biol.  166:557-580. 
Hanover, J.  A., C. K. Cohen, M.  C. Willingham,  and M.  K. Park.  1987. 
O-linked  N-acetylglucosamine  is attached  to proteins of the nuclear pore. 
Evidence for cytoplasmic and nncleoplasmic glycoproteins. J. Biol.  Chem. 
262:9887-9895. 
Harrison, S. C. 1991. A structural taxonomy of DNA-binding  domains. Nature 
(Lond.).  353:715-719. 
Henriquez, R., G. Blobel, and L  P. Aris. 1990. Isolation  and sequencing of 
NOPt. J:  Biol.  Chem.  265:2209-2215. 
Holt, G. D., and G. W. Hart.  1986. The subcellular  distribution  of terminal 
N-acetyiglucosamine  moieties.  Localization  of a novel protein-saccharide 
linkage, O-linked GlcNAc. J. Biol.  Chem.  104:1157-1164. 
Holt, G. D., C. M. Snow, A. Senior, R. Haltiwanger,  L. Gerace, and G. W. 
Hart.  1987. Nuclear  pore complex glycoproteins contain cytoplasmicaily 
disposed O-linked N-acetylglncosamine.  J.  Cell Biol.  104:1157-1164. 
Hurt, E. C. 1988. A novel nucleoskeletal protein located at the nuclear periph- 
ery is required for the life cycle of Saccharomyces cerevisiae.  EMBO (Eur. 
Mol.  Biol.  Organ,)J.  7:4323-4334. 
Hurt, E. C. 1990. Targeting of a cytosdlic protein to the nuclear periphery. J. 
Cell Biol.  111:2829-2837. 
Ito, H., Y. Fukuda, K. Muratu, and A. Kimura.  1983. Transformation  of  intact 
yeast cells treated with alkali cations.  J.  Bacteriol.  153:163-168. 
Jones, L S., and L. Prakash.  1990. Yeast Saccharomyces cerevisiae selectable 
markers in pUCI8 polylinkers.  Yeast. 6:363-366. 
Jordan, E. G., N. L Severs, and D. H. WiUiamson. 1977. Nuclear pore forma- 
tion  and  the  cell  cycle  in  Saccharomyces  cerevisiae.  Exp.  Cell  Res. 
104:446--449. 
Kilmartin, J. V., and A. E. M. Adams.  1984.  Structural  rearrangements  of 
tabulin and aetin during the cell cycle of the yeast Saccharomyees,  J.  Cell 
Biol.  98:922-933. 
Laemmli, U. K. 1970. Cleavage of structural  proteins during the assembly of 
the head of bacteriophage  "1"4. Nature (Lond.).  227:680-685. 
The Journal  of Cell Biology,  Volume 119,  1992  722 Laver, W. F., G. M. Air, R. (3. Webster, and S. J. Smith-Gill. 1990. Epitopes 
on protein antigens: misconceptions and realities. Cell.  61:553-556. 
Maina, C. V., P. D. Riggs, A. G. Grandea, III,  B. E. Slatko,  L. S. Moran, 
J. A. Tagliamonte, L. A. McReynolds, and C. (3uan.  1988. A vector to ex- 
press and purify foreign proteins in Escherichia coil by fusion  to, and separa- 
tion from, maltose binding protein. C-ene. 74:365-373. 
Marck, C.  1988. "DNA Strider":  a "C" program for the fast analysis of DNA 
and protein sequences on the Apple Macintosh family of computers. Nucl. 
Acids Res.  16:1829-1836. 
Maul, G. G.  1977. The nuclear and cytoplasmic pore complex: structure, dy- 
namics, distribution, and evolution. Int.  Rev.  CytoL  Suppl.  6:75-186. 
Nasmyth, K. A., and K. Tatchell.  1980.  The structure of transposable yeast 
mating type loci.  Cell.  19:753-764. 
Nehrbass, U., H. Kern, A. Mutvei, H. Horstmarm, B. Marshallsay, and E. C. 
Hurt. 1990. NSP1: a yeast nuclear envelope protein localized at the nuclear 
pores exerts its essential function by its cerboxy-terminal domain.  Cell. 
61:979-989. 
Park, M. K., M. D'Onofrio, M. C. Willingham, and J. A. Hanover. 1987. A 
monoclonal antibody against a family of nuclear pore proteins (nucleopo- 
rins):  (3-1inked N-acetylglocosamine is part  of the  immunodeterminant. 
Proc. Natl. Acad.  Sci.  USA.  84:6462-6466. 
Pearson, W. R., and D. J.  Lipman. 1988.  Improved tools for biological se- 
quence comparison. Proc. Natl. Acad.  Sci.  USA.  85:2444-2448. 
Pizzagalli, A., P. Valsanini, and G. Lucchini. 1988.  DNA polymerase I gene 
of Saccharomyces cerevisiae: nucleotide sequence, mapping of a tempera- 
ture-sensitive  mutation, and protein homology with other DNA polymerases. 
Proc. Natl.  Acad.  Sci.  USA.  85:3772-3776. 
Reichelt, R., A. Holzenburg, E. L. Buhle, M. Jarnik, A. Engel, and U. Aebi. 
1990.  Correlation between structure and mass distribution of the nuclear 
pore  complex  and  of distinct pore  complex components. J.  Cell  Biol. 
110:883-894. 
Richardson, W. D., A. D. Mills, S. M. Dilworth, R. A. Laskey, and C. Ding- 
wall.  1988.  Nuclear protein migration involves two steps: rapid binding at 
the nuclear envelope followed by slower translocation through nuclear pores. 
Cell.  52:655-664. 
Ris, H. 1990. Three-dimensional imaging of cell ultrastructure with high reso- 
lution low-voltage SEM. Inst.  Phys.  Conf.  Ser.  98:657-662. 
Rothstein, R. 1991. Targeting, disruption, replacement, and allele rescue: in- 
tegrative DNA transformation in yeast. Methods Enzymol.  194:281-301. 
Rout, M. P., and J. V. Kilmartin. 1990. Components of the yeast spindle and 
spindle pole body. J.  Cell Biol.  111:1913-1927. 
Rozijn, T. H., and G. J. M. Tonino. 1964. Studies on the yeast nucleus. I. The 
isolation of nuclei. Biochim.  Biophys.  Acta.  91:105-112. 
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A Lab- 
oratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, New 
York. 
Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing  with chain- 
terminating inhibitors. Proc. Natl. Acad.  Sci.  USA.  74:5463-5467. 
Saxton, W. M., D. L. Stemple, R. J. Leslie, E. D. Salmon, M. Zavortink, and 
J.  R. Mclntosh.  1984.  Tubolin dynamics in cultured mammalian cells. J. 
Cell Biol.  99:2175-2186. 
Schimmang, T., D. ToUervey, H. Kern, R. Frank, and E. C. Hurt.  1989. A 
yeast nucleolar protein related to mammalian fibrillarin  is associated with 
small nucleolar RNA and is essential for viability. EMBO (Fur. Mol.  Biol. 
Organ.) J.  8:4015--4024. 
Sherman, F., (3. R. Fink, and J. B. Hicks. 1986. Methods in Yeast Genetics. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, New York. 
Sikorski, R. S., and P. Hieter. 1989. A system  of shuttle vectors and yeast host 
strains designed for efficient manipulation  of  DNA in S. cerevisiae.  Genetics. 
122:19-27. 
Silver, P. A.  1991.  How proteins enter the nucleus. Cell.  64:489--497. 
Snow, C. M., A. Senior, and L. Gerace. 1987. Monoclonal antibodies identify 
a  group  of  nuclear  pore  complex  glycoproteins.  J.  Cell  Biol.  104: 
1143-1156. 
Snyder, M., S. Elledge, D. Sweetser, R. A. Young, and R. W. Davis. 1987. 
hgtl 1: gene isolation with antibody probes and other applications.  Methods 
Engymol.  154:107-128. 
Starr, C. M., and J. A. Hanover. 1991. A common structural motif in nuclear 
pore proteins (nucleoporins). Bioessays.  13:145-146. 
Start, C. M., M. D'(3nofrio,  M. K. Park, and J. A. Hanover.  1990.  Primary 
sequence and beterologous expression of nuclear pore glycoprotein p62. J. 
Cell Biol.  110:1861-1871. 
Sterne-Marr, R., J. M. Blevitt,  and L. Gerace.  1992.  (3-1inked glycoproteins 
of the nuclear pore complex interact with a cytosolic factor required for nu- 
clear protein import. J.  Cell Biol.  116:271-280. 
Struhl, K. 1987. Promoters, activator proteins, and the mechanism  of  transcrip- 
tional  initiation  in yeast. Cell.  49:295-297. 
Siidhof,  T. C., J. L. (3oldstein,  M. S. Brown, and D. W. Russell. 1985.  The 
LDL receptor gene: a mosaic of  exons shared with different proteins. Science 
(Wash.  DC).  228:815-822. 
Unwin, P. T., and R. A. Milligan. 1982. A large particle associar~l with the 
perimeter of the nuclear pore complex. J.  Cell Biol.  93:63-75. 
Wilson, I. A., H. L. Niman, R. A. Houghten, A. R. Cherenson, M. L. Con- 
nolly, and R. A. Lamer. 1984. The structure of an antigenic determinant in 
a protein.  Cell.  37:767-778. 
Yaffe, M. P., and G. Schatz.  1984. Two nuclear mutations  that block mitochon- 
drial protein import. Proc. Natl.  Acad.  Sci.  USA.  81:4819--4823. 
Yanisch-Perron, C., J.  Vieira, and J.  Messing. 1985.  Improved M13 phage 
cloning vectors and host strains: nucleotide sequences of the M13mpl8 and 
pUC19 vectors. Gene.  33:103-119. 
Yoneda, Y., N. Imamoto-Sonobe, M. Yamaizumi, and T. Uchida. 1987.  Re- 
versible inhibition of protein import into the nucleus by wheat germ aggluti- 
nin injected  into cultured cells. Exp.  Cell Res.  173:586-595. 
Young, R. A., and R. W. Davis. 1983. Yeast RNA polymerase II genes: isola- 
tion with antibody probes. Science (Wash.  DC).  222:778-782. 
Young, R.  A., and R. W.  Davis.  1991.  Gene isolation with hgtll  system. 
Methods Enzymol.  194:230-238. 
Zaret, K. S., and F. Sherman. 1982. DNA sequence required for efficient tran- 
scription termination in yeast. Cell.  28:563-573. 
Wente et al. A New Family of Yeast Nucleoporins  723 